In cultures of mouse or chick embryo ceils several non-steroidal antiinflammatory drugs (salicylates, Ibufenac, phenylbutazone, Indomethacin, flufenamic and mefenamic acids, CI-583, and chloroquine) inhibit the multiplication of various viruses (encephalomyocarditis, Sindbis, influenza A2, Newcastle disease, herpes simplex and vaccinia). Two factors were critical for the virus inhibitory action of these drugs: the concentration of serum and the pH of the medium. The antiviral effect of these drugs seems to be due mainly to limitation of intraceUular synthesis. However, salicylates and anthranilates also inhibit the adsorption and/or penetration of encephalomyocarditis virus into mouse cells.
I N T R O D U C T I O N
Anti-inflammatory drugs with clinical antirheumatic activity are chemically, pharmacologically and biochemically polyvalent. Apart from their antiphlogistic action, which is a common property, they act as antipyretics, analgesics, antihistaminics and/or antikinins, immunosuppressants and antimalarials (Domenjoz, I966; Whitehouse, I965; Winter, I966) . Recently another property of anti-inflammatory drugs was described. Sodium salicylate and its congeners suppressed considerably the multiplication of encephalomyocarditis virus in tissue culture (Inglot, Kochman & Mastalerz, 1966; Inglot & Kochman, 1966) . Since the antiviral action of these drugs seems to be quite marked, it was of interest to know whether the other anti-inflammatory compounds would have similar effects; and it was necessary to ascertain whether the drugs would inhibit other viruses with various structures and modes of replication.
Results now presented demonstrate that under suitable experimental conditions all major non-steroidal anti-inflammatory drugs share the property of inhibition of multiplication of different viruses in cell cultures. Observations on certain features of the mode of their antiviral action are also presented.
METHODS
Drugs. Salicylic and acetylsalicylic acids, phenylbutazone (Butapirazol) and chloroquine diphosphate (Resochin) were obtained from Polfa. Choline salicylate was a gift of Dr Z. Machofi of the School of Pharmacy, Wrociaw. Indomethacin (I-p-chloro-benzoyl-5-methoxy-2-methylindolyl-3-acetic acid), product of Merck, Sharp and Dohme, Inc., Ibufenac (4-isobutylphenylacetic acid), product of Boots Pure Drug Co., Flufenamic (Ariel) and Mefenamic (Ponstan) acids (N-0~,c~,o~,-trifluoro-m-tolyl-and N,2-3-xylyl anthranilic acids), products of Parke, Davis and Co., were supplied by Dr A. C. Allison of the National Institute for Medical Research, London. p-Fluoro-N-phenylanthranilic acid synthesized in the Department of Pharmacology in Cracow and CI-583 (N-2,6-dichloro-m-tolyl anthranilic acid), product of Parke, Davis and Co., were kindly provided by Dr R. Gryglewski of School of Medicine, Cracow.
Stock solutions (o.2 M) of Ibufenac, Indomethacin and fenamic acids were prepared in dimethylsulphoxide (DMSO). Shortly before use the solutions were diluted 1/5 with o.I N-NaOH. Further dilutions of the drugs were prepared in tissue culture media. The low final concentration of DMSO did not affect the multiplication of viruses. Stock solutions of the more water-soluble drugs were prepared directly in o.I N-NaOH or in water and adjusted to neutrality.
Viruses. The following viruses were used in this study: encephalomyocarditis, vaccinia and herpes simplex (NASH strain) derived from stocks maintained in the National Institute for Medical Research, London; Sindbis--obtained from the Institute of Virology, Bratislava, Czechoslovakia; Newcastle disease virus and influenza A2 (strain sensitive to horse serum inhibitors)---maintained in this Department of Virology.
Tissue cultures and media. Primary cultures of chick embryo and secondary cultures of mouse embryo cells were prepared in a standard way by trypsinization. The maintenance medium for the virus-infected cultures contained Hanks's salt solution + 0"5 % lactalbumin hydrolysate, usually without added serum.
Cultures of chorioallantoic membrane from 1 I-to I2-day-old-chick embryos were prepared according to the method of Horvath (I954). They were incubated in a roller drum (7 rev./min.) at 36 °. The maintenance medium for the membrane cultures was composed of buffered glucosol (Tamm, Nemes & Osterhout, I96O) +o.2 % egg-white protein.
Assays for cytotoxicity of drugs. Two-day-old chick or mouse embryo cell monolayer cultures were used. These were incubated in the maintenance medium in which various drugs were incorporated for 6 to 14 days at 37 °. Control cultures contained no drugs or o.I to 0.2 % DMSO. The cytotoxic effects were determined by microscopic observation of unstained cells. Sometimes the cultures were vitally stained with neutral red, when the damaged cells remained unstained.
To determine the cytotoxicity of the drugs for chorioallantoic cells, the cultures were prepared in the following way: I to 2 ram. strips of membrane were stuck to glass by a small drop of calf serum and incubated in the growth medium in the roller drum at 0"5 rev./min, for 2 to 3 days at 36°. When there was a large margin of epithelial growth around the strips the growth medium was removed, buffered glucosol was added and finally various concentrations of drugs incorporated. Further screening was the same as that for embryo cell cultures except that the cultures were incubated in the roller.
Assays for antiviral activity of drugs. The drugs were incorporated directly into the maintenance medium before or after infection of cultures with a given virus. Yields of virus were measured by plaque counts in chick or mouse cell cultures and, for myxoviruses, by haemagglutination of chicken red cells.
A plaque assay in monolayer cultures in round-bottom serological tubes has been described previously (Inglot et al. 1966) . The following overlay medium was used in the assay: 50 parts of 2 % methylcellulose (British Drug Houses, England) in Hanks's salt solution, 48 parts of Parker's medium I 9 9 + o " 5 % lactalbumin hydrolysate, 2 parts of calf serum and antibiotics. The plaques produced by encephalomyocarditis virus in mouse cell cultures were counted 20 hr after infection, those in cell cultures produced by Sindbis 48 hr and those produced by vaccinia or herpes viruses 72 hr after infection. The plaques were revealed by staining with neutral red. The preparation and assay of infective R N A from encephalomyocarditis virus have been described previously (Inglot et aL 1966) .
RESULTS

Influence of the composition and pH of the medium on the activity of anti-inflammatory drugs in tissue culture
During an earlier study of the antiviral effects of some anti-inflammatory compounds discouraging variability of results was encountered. In some experiments the drugs strongly inhibited virus growth whereas in others they were hardly active. This suggested that even slight changes in the composition of medium used for the maintenance of tissue cultures might interfere with the drug action. In fact, two factors were found to be critical for determination of the virus inhibitory action of the compounds: the content of protein and the pH of the medium. The antiviral action could be considerably reduced or even completely abolished in medium containing as little as 2"5 % calf serum (Table I) . This effect was most likely due to the binding of drugs by serum proteins (Skidmore & Whitehouse, I967).
The activity offlufenamic acid against encephalomyocarditis virus was much greater in medium at pH 6"8 than at pH 7"6 ( Table 2) . Essentially similar results were obtained for other types of viruses ( Fig. 2 ) and other anti-inflammatory acids. These findings can be explained in terms of ionization of drug molecules, because the cell membrane permeability to charged lipid-soluble compounds is extremely low while that to uncharged ones is high (Inglot & Wolna, 1968) . 6'6 37"5 * Serum-free medium, pH adjusted to the initial values with 5 % NaHCO~; post incubation pH 6"7 or 7"2.
t After incubation for 20 hr at 37 °.
Drug-induced cytotoxic effects
The cell damage caused by the anti-inflammatory drugs was also dependent on the composition of medium (Table I ). Moreover, it was observed that the anti-inflammatory acids were weakly bound to cell structures. When tissue cultures were exposed to minimal toxic doses of the drugs for I to 4 hr at 37 °, the medium with drugs removed and cells further incubated in drug-free medium, cytotoxic effects did not appear. The same procedure however did not prevent the development of cytotoxic effects due to chloroquine. This indicates that the drug becomes strongly associated with cell structures.
There was little difference in the susceptibility of chick embryo, mouse embryo or chorioallantoic cells to the drugs. Again, chloroquine was the only exception, being around fourfold more toxic for fibroblasts than for epithelial chorioallantoic cells (see Table 7 ).
Inhibition by anti-inflammatory drugs of one-step growth of RNA viruses
Tissue cultures maintained in serum-free media, pH 6.8 to 7"o, were infected with large doses of viruses. The drugs were incorporated into media shortly after adsorption and penetration of viruses (usually x hr at 37°). The experiments therefore measured only the effects of drugs on intracellular synthesis and release of virus.
All pharmacologically active non-steroidal anti-inflammatory drugs so far examined inhibited the intracellular multiplication of encephalomyocarditis, Sindbis, Newcastle disease virus and influenza A2 viruses. The inhibition was dose-related and therefore graded antiviral effects were obtained (see Tables I, 2 
Inhibition of infection with viral RNA
An experiment was done in which the chick embryo cells were infected with infective RNA of encephalomyocarditis virus, the drugs inhibited the strictly one-cycle growth initiated by the uncoated virus (Table 3 ). Further cycles were not possible since chick embryo cells are almost completely insusceptible to the whole virion. Approximately io 3 p.f.u./ml, of RNA of encephalomyocarditis virus in z Ivt-MgSO4 was adsorbed to chick-cell monolayers for IO rain. at room temperature. The inoculum was removed, cells were washed and medium with or without drugs was added. Maintenance medium pH 7"4 contained 2 % horse serum. The cultures were incubated for 20 hr at 37 °. Virus yield was measured by plaque assay in mouse cells. The activities of the drugs per mole were lower than those usually encountered because serum was present in the medium. However, sodium salicylate, phenylbutazone and chloroquine evidently inhibited the synthesis of encephalomyocarditis virus initiated by its RNA as well as that initiated by the complete virus. 
Inhibition by flufenamic acid of multiple cycle growth of influenza A 2 virus
When influenza A2 virus was titrated in chorioallantoic cell cultures in the presence of various concentrations of flufenamic acid a decrease in its infectivity was observed. The cultures were infected with serial tenfold dilutions of virus and incubated for 72 hr at 36 °. Various doses of the drug were incorporated into medium shortly before the infection. The reduction in virus titre plotted against the concentration of the drug on a logarithmic scale gave a sigmoid curve (Fig. 2) for the dose-activity relationship. Although the activity of the drug at pH 6-8 was considerably greater than at pH 7"6, the shape of both curves was the same.
Inhibition of growth of DNA viruses by fenamic acids
An essentially similar experiment was done on the inhibition of two D N A viruses by fenamic acids (Table 4 )-It was simplified only in the sense that a single dose of one or other virus and various concentrations of drugs were used. Multiple-cycle growth of vaccinia virus appeared to be more susceptible to the inhibitory action of both fenamic acids than that of herpes simplex virus. 
Inhibition by fenamates of the adsorption and/or penetration of encephalomyocarditis virus into mouse embryo cells
The effect of sodium salicylate on the adsorption and/or penetration of encephalomyocarditis virus into mouse embryo cells was described by Inglot et al. (I966) .
Experiments were done to study the effect o f other drugs on adsorption and penetration. The mixtures contained: mouse embryo cultures (6 × lO 5 cells/2 ml.), drugs and encephalomyocarditis virus diluted 3 x lO -6 in I ml. o f maintenance medium without serum, p H 7"o. They were incubated for 2 hr at r o o m temperature with constant shaking. Thereafter, the cultures were washed with saline, overlaid with methylcellulose medium and incubated for 2o hr at 37 ° until plaques developed. The indicated doses of drugs were not cytotoxic (when applied for 2 hr) nor did they inactivate encephalomyocarditis virus. The number of plaques developed after the adsorption of virus in the presence o f fenamates was markedly reduced. Reducing the drug concentration diminished the effect proportionally. In contrast, Indomethacin, used in the equivalent doses was only slightly active. Similar lack of activity in the adsorption test was noted for Ibufenac, phenylbuthazone and chloroquine.
T a b l e 7.
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t Based on experiments with encephalomyocarditis, Sindbis, Newcastle ¶ In the medium at pH 7"6. Antiviral dose refers to the action against disease virus and influenza A2 viruses grown in tissue culture in serum-free encephalomyocarditis and Sindbis viruses. Chloroquine was inactive against media, pH 6.8 to 7"0.
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(I968).
Comparable results were obtained in an alternative type of experiment which showed the effect of drugs on the penetration of EMC virus into mouse ceUs (Table 6 ). The adsorption of virus took place for I hr at o ° (to prevent simultaneous penetration of virus). Thereafter, the cultures were washed with cold saline to remove unadsorbed virus, cold maintenance medium with or without drugs was added and cells were incubated for 3o rain. at 37 ° to allow the penetration of adsorbed virus. Finally, the media were removed, the cultures treated with rabbit anti-serum to encephalomyocarditis virus for 3o rain. at 37 ° (to inactivate the residual virus), rinsed and further incubated under methylcellulose medium for 18 hr at 37 °. The indicated doses of drugs neither reduced the viability of cells nor inactivated encephalomyocardifis virus.
The adsorption and/or penetration of Sindbis, Newcastle disease, vaccin/a and herpes viruses to chick embryo cultures was not significantly inhibited by concentrations of salicylates or fenamates that suppressed these phases of infection of encephalomyocarditis virus by 9o %.
Comparison of various activities of anti-inflammatory drugs
The antiviral action in tissue culture was closely similar to the action of the drugs in some biochemical and clinical tests ( Table 7) . The therapeutic index in tissue culture, which expresses the ratio of the maximal non-toxic dose to the lowest antiviral dose, can be calculated by dividing the values in column ~ by those in column 2 in Table 7 . Such calculation seems justified because doses of anti-inflammatory acids which cause 5o % cell damage during 48 hr at 37 ° are nevertheless non-toxic during incubation for 24 hr, and one-step growth experiments lasted usually from 8 to 20 hr. Hence, for 9o % inhibition of RNA viruses in one-step growth experiments the therapeutic indices would be around 4 for any one type of anti-inflammatory acid. However, for the inhibition of multiple-cycle-growth of some viruses in tissue culture (influenza A2, vaccinia) the therapeutic indices may be higher, even over IO, as suggested by the results with flufenamic acid presented in Table 4 and Fig. 2 . DISCUSSION A remarkable number of apparently different reactions have recently been described as common to anti-inflammatory compounds. It seems reasonable to assume that these numerous activities are secondary to a few changes at the molecular level. Recent evidence indicates that the reactions of the anionic drugs with some proteins--enzymic, structural (membrane) or otherwise--may be responsible for many if not all of their activities. Hence the drugs may react with some viral proteins.
The mode of action of chloroquine as an antiviral agent and otherwise is fundamentally different from that of acidic anti-inflammatory compounds. This drug inhibits mouse hepatitis virus (MHV3), and Mallucci (1966) has interpreted the inhibitory effect as being due to the stabilization of lysosomes. Such an action would protect cells against viral cytopathic effects and might also inhibit the uncoating of virus. In the present study it has been shown that chloroquine can inhibit the synthesis of encephalomyocarditis virus initiated by its infective RNA in heterologous cells when multiple cycles of infection are impossible. Since infective RNA is equivalent to the uncoated virus, the interpretation given by Malhicci cannot be unreservedly accepted. Chioroquine binds to animal or bacterial DNAs, inhibits nucleic acid biosyntheses (Hahn et al. I966 ) and some enzymes (Cowey & Whitehouse, I966) . Moreover, in comparison with the anti-inflammatory acids chloroquine is a rather weak stabilizing agent of the erythrocyte membrane (Inglot & Wolna, 1968 ) .
Inhibition by fenamates and salicylates of the adsorption and/or penetration of encephalomyocarditis virus into mouse cells apparently represents a specific action of these compounds. In support of this conclusion it has recently been found that 50 to ioo /~M-flufenamic acid was a potent inhibitor of the adsorption of Columbia SK virus to greenmonkey-kidney cells, but it had little effect on the adsorption of Coxsackie B type 3, E C H O types z and 9 and polioviruses to the same cells (Inglot--unpublished results) . Since some anionic anti-inflammatory drugs other than salicylates and fenamates are inactive in this respect, and this action is restricted to only one type of virus among all examined so far, simple electrostatic effects are not likely to be involved in this reaction. Moreover, our experimental results show that this effect cannot be due to the inactivation of extracellular virus, since encephalomyocarditis virus is very resistant to the drugs (Inglot & Albin, I968) . Possibly salicylates and fenamates inhibit a binding of EMC virus to some protein receptors.
On the basis of experiments performed in tissue culture it is not possible to predict whether the anti-inflammatory drugs will be active in suppressing viral infection in vivo. However, the following arguments suggest that these drugs may be useful as viral inhibitors in experimental animals and in man. (Q The drugs inhibit the growth of various viruses at reasonably low concentrations which are below the toxic doses and which can be attained in the whole organism. (2) The virus inhibitory action of a given drug in tissue culture apparently parallels its anti-inflammatory action in vivo. (3) There is a correlation between the antiviral action in vitro of these drugs in cell cultures and their activity in several biochemical tests used for screening potential anti-inflammatory compounds. Further work is necessary to establish whether therapeutically useful antiviral activity can be obtained in experimental animals and in man.
